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Abstract. The radiative parameters of mineral aerosols are strongly dependent on
particle size. Therefore explicit modeling of particle size distribution is needed to
calculate the radiative effects and the climate impact of mineral dust. We describe
a parameterization of the global mineral aerosol size distribution in a transport
model using eight size classes between 0.1 and 10 gum. The model prescribes the
initial size distribution using soil texture data and aerosol size measurements close
to the ground. During transport, the size distribution changes as larger particles
settle out faster than smaller particles. Results of Mie scattering calculations of
radiative parameters (extinction efficiency, single scattering albedo, asymmetry
parameter) of mineral dust are shown at wavelengths between 0.3 and 30 ym for
effective particle radii between 0.1 and 10 um. Also included are radiative properties
(reflection, absorption, transmission) calculated for a dust optical thickness of 0.1.
Preliminary studies with the Goddard Institute for Space Studies (GISS) general
circulation model (GCM), using two particle size modes, show regional changes in
radiative flux at the top of the atmosphere as large as +15Wm™2 at solar and
+5W m™? at thermal wavelengths in the annual mean, indicating that dust forcing

is an important factor in the global radiation budget.

1. Introduction

The radiative effect and climate impact of aerosols is
one of the largest uncertainties in modeling the radiative
forcing of climate change. So far no systematic assess-
ment of the climate impact of mineral dust aerosol has
been carried out, although in many regions desert dust
contributes the major part of the aerosol mass loading,
occasionally producing prominent features in satellite
optical thickness retrievals [Rao et al., 1988]. Owing
to frequent occurences of high mass loading and opti-
cal thicknesses, mineral dust aerosol can be expected
to influence local climate features, as well as the global
radiation budget. As dust loading in the atmosphere is
highly variable in space and time, its actual distribution
is difficult to quantify. A global transport model [ Tegen
and Fung, 1994] can be used to effectively describe the
seasonal and geographic changes in global dust distri-
butions.

Radiative impact of aerosols depends not only on
aerosol concentration in space and time but also on their
size distribution and chemical composition. Compared
to anthropogenic sulfate and volcanic aerosol, desert
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dust 1s generally larger in size and more absorbing at so-
lar wavelengths. This results in increased atmospheric
heating in the presence of dust along with decreased
incident solar radiation at the ground and some green-
house trapping of outgoing thermal radiation. There-
fore to accurately determine the combined effects on
solar and thermal radiation, explicit calculations of ra-
diative transfer are necessary.

As shown in previous general circulation model (GCM)
simulations [Coakley and Cess, 1985; Tegen and Lacis,
1994], the principal radiative effect of mineral dust
aerosol i1s to heat the atmosphere, with the maximum
heating occuring in source regions. Locally, this could
inhibit convection and reduce cloud cover and precipi-
tation. Thus for realistic GCM simulations of mineral
dust, the radiative effects of the particle size distribu-
tion, as well as the space-time distribution of dust con-
centrations, must be explicitly included in the model
calculations.

2. Mineral Dust Transport Model

To determine the spatial and temporal distribution of
desert dust, including particle size information, we be-
gin with a source and sink parameterization for desert
dust described by Tegen and Fung [1994]. In the God-
dard Institute for Space Studies (GISS) tracer model,
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dust deflation can occur wherever the soil is dry and
the vegetation is low and sparse. We assume dust mo-
bilization to be possible when the soil matric potential
is higher than 10%J/kg, using monthly mean soil water
contents as derived by Bouwman et al. [1993]. We use
the vegetation data set of Matthews [1983] to extract ar-
eas where the vegetation cover allows dust uplift, such
as deserts, grassland, and shrub land. The amount of
uplifted dust approximately follows g, = C(u — uer)u?
[Gillette, 1978], where ¢, is the dust flux from the sur-
face, u is the surface wind speed, and uy, is a threshold
velocity.

We chose a threshold velocity of 6.5ms™! at 10-m
height, corresponding to Kalma et al. [1988]. Since
high-resolution wind data are required for these calcula-
tions, we used the European Center for Medium Range
Weather Forecasts (ECMWF) wind products (10-m
surface winds) with a spatial resolution of 1.125° x
1.125° and 6-hour time resolution. Removal of dust by
wet deposition was parameterized using climatological
precipitation data [Shea, 1986)]. Dry deposition was de-
scribed by gravitational settling and turbulent mixing
as done by Genthon [1992]. The dust transport in the
atmosphere was calculated using the three—dimensional
GISS tracer model (8° x 10° horizontal resolution, nine
vertical atmospheric layers) [e.g., Prather et al., 1987;
Fung et al., 1983], where source and sink terms were
included.

Soil particle size distributions were derived from the
1° x 1° data set of soil types and particle sizes [Zobler,
1986], where the fractions of three major size classes
are given as percentages of total soil mass in each grid
box. The size classes are sand (particle radius larger
than 25 um), silt (particle radius between 1 and 25 ym),
and clay (particles smaller than 1 m). Since the atmo-
spheric lifetime of particles larger than 10pm is less
than a day, only particles smaller than 10 gm need to
be considered for calculations of dust radiative effects.
For each size fraction the model calculates deflation,
transport, and deposition. In our model, particles from
different size classes do not interact with each other.
The physical mechanism that affects the different par-
ticle size classes in the model is gravitational settling, as
larger particles have shorter atmospheric lifetimes due
to their higher sedimentation velocity.

3. Optical Thickness and Radiative
Properties of Dust

Dust mass loading and optical thickness are related
by

4 _
M= gperezlt (1)

where M is the column mass loading for each size class,
p is the particle mass density, r is the effective radius
(cross—section weighted radius over the size distribu-
tion [Hansen and Travis, 1974]), 7 is the aerosol optical
depth at the reference wavelength A = 0.55 um, and
Q.st is the Mie scattering extinction efficiency factor
also referenced at A = 0.55 um. The radiative parame-
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ters for wind—blown dust were calculated using the Mie
scattering theory and the standard gamma size distri-
bution with effective variance of 0.2 for each size bin
for refractive indices reported by Volz {1973] and Pat-
terson et al. [1977]. Measurements of refractive indices
for wavelengths between 0.3 and 30 zm are available for
for far-traveled Saharan dust. Dust from other regions,
like Asia or Australia may have different refractive in-
dices which could lead to uncertainties in the radiative
flux computations in those areas.

While dust particles are known to be nonspherical
with aspect ratios of the order of 1.7 [Nakajima et al.,
1989], Mie scattering calculations can, nevertheless,
be used to compute the effective radiative parame-
ters for equivalent volume spheres when the applica-
tion is radiative forcing computation. Nonspherical ef-
fects are important in remote sensing applications, as
for example, when computing aerosol optical depths
from measurements of bidirectional intensities. How-
ever, in the calculation of radiative fluxes and albe-
dos (where spherical /nonspherical differences disappear
in the angular integration), Mie scattering parameters
calculated for equivalent volume spheres provide very
good representation for nonspherical particle scatter-
ing. This has been shown by detailed T-matrix cal-
culations for randomly oriented spheroids [Mishchenko,
1993; Mishchenko and Travis, 1994; Lacis and Mish-
chenko, 1995].

Figure 1 shows the results of Mie scattering cal-
culations for the spectral dependence of dust optical
parameters and their progressive change with particle
size. The refractive indices used are from Patierson
et al. [1977} and Volz [1973]. Since the size spectrum of
desert dust varies considerably depending on prevailing
weather conditions [d’Almeida, 1987], we have selected
a size range from 0.1 to 10 um. The extinction efficiency
factors Q.y¢ (which is the average extinction cross sec-
tion divided by the geometric cross-sectional area of the
particle), are shown normalized to unity at the reference
wavelength A = 0.55 um (with the actual extinction ef-
ficiencies given in Table 1). Also shown is the single
scattering albedo, wg (which is the ratio of scattering
optical thickness to extinction optical thickness), and
asymmetry parameter ¢ (which is the weighted mean of
the cosine of the scattering angle). The Mie scattering
calculations are made using the standard gamma size
distribution with an effective variance of 0.2 [Hansen
and Travis, 1974] for sizes spanning the dust size spec-
trum. The spectral range from 0.3 to 30 um covers the
solar and thermal regimes with 3 zm as the approximate
dividing line. To note is the strong dependence on par-
ticle size of the extinction efficiency at solar wavelengths
for submicron particles, the decrease in single scattering
albedo with particle size at solar wavelengths, and the
increase in extinction efficiency at thermal wavelengths
for the larger particle sizes.

To express the spectral dependence of dust optical
properties in terms of their radiative properties, we have
inserted the optical parameters from Figure 1 into a ra-
diative transfer model [Lacis and Hansen, 1974] to cal-
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Figure 1. Mie scattering calculated radiative parameters for desert dust aerosol for eight particle
sizes (effective radii, re, given in micrometers) in dependence on wavelength (in micrometers).

culate the reflection, transmission, and absorption de-
pendence for an isolated aerosol layer of optical depth of
7 = 0.1 (Figure 2). The calculated results re-emphasize
the strong dependences of the radiative properties of.
dust on particle size, ranging from mostly reflecting at
solar wavelengths (r = 0.15um) to strongly absorbing
for the larger particles (r = 8 pm) with increasing ab-
sorption at thermal wavelengths. Thus it is clear that
a multicomponent size distribution is required to model
the full radiative effects of dust aerosols.

4. Modeling of Particle Size

Distributions

According to the results of the radiation calculation,
the “clay” and “small silt” fractions were each subdi-
vided into four smaller size categories as shown in Table
1. The chosen size classes represent area-weighted ef-
fective radii and atmospheric lifetimes calculated by the
transport model. For the submicron clay particles, the
mean atmospheric lifetimes calculated by our transport
model range between 219 hours for 0.8 um particles and
231 hours for 0.15 um particles, indicating that for these
particle sizes the atmospheric lifetime is not determined

by gravitational settling but rather by wet deposition
and turbulent mixing. For silt particles, however, grav-
itational settling is the dominant removal mechanism.
The lifetimes of silt range from 179 hours for 1.5 um
particles to 28 hours for 8 um particles.

The source distribution of particle sizes used in the
transport model is shown in Figure 3 for the eight parti-
cle size classes. This size distribution represents the soil
particles that are available for deflation. As smaller clay
particles tend to agglomerate and stick to larger parti-
cles, this leads to a decreased availability of small clay
particles for wind erosion [Scheffer and Schachtschabel,
1992]. The mass size distribution of dust is shown in
relative units. For comparison, measurements of mass
size distributions of mineral dust aerosol in source re-
gions are also shown. Dust samples for size measure-
ments are usually taken several meters above the sur-
face. Because of their long atmospheric lifetimes (Table
1), the size distribution of particles smaller than 1 ym
does not change appreciably during transport over short
distances. Therefore in the case of clay-sized particles,
the measured size distributions are likely to reflect the
initial source distribution and thus were chosen to fit
the observed size distribution.
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Compared to clay—sized particles, silt particles have
considerably shorter atmospheric lifetimes. Several me-
ters above the surface (where dust samples are usually
collected) the relative concentration of larger particles
may already be depleted relative to their initial source
distribution because of their high sedimentation veloc-
ity. For this reason the exact form of the initial size
distribution of silt is not relevant and a simple lognor-
mal distribution (dM/dlogr = const) was chosen as
initial size distribution for the silt fraction for particle
sizes 1 < r < 10 gm.

During transport, the dust size distribution changes
as larger particles settle out faster than smaller parti-
cles. Figure 4 shows model derived mass size distribu-
tions of mineral dust in three model layers at pressure
levels of 950, 470, and 40 mbar in the global and an-
nual mean. We see that with increasing height, not
only does the dust concentration decrease with height
but also the maximum in the size distribution shifts
from about 1.5 um to about 0.8 um as larger particles
are removed by gravitational settling before they can
reach higher atmospheric layers.

Table 1 summarizes the mearn atmospheric lifetimes,
the annual source strengths, the mean column mass
load, the extinction factors Q..; referenced at a wave-
length of 0.55 um, and the resulting optical thicknesses
also referenced at 0.55 um for the eight dust size classes.
The numbers for global mean mass loading show that
particles larger than 1.8 ym contribute only about 20%
to the total dust mass loading, while this size fraction
contributes about 60% to the total source strength for
particles in the size range between 0.1 and 10 gm. Parti-
cles larger than 1.8 ym contribute only about 4% to the
mean optical thickness, as 7 decreases with increasing
particle radius for a given mass load. Particles in the
radius range between 6 and 10 pm contribute only 0.2%
to the mean optical thickness. This supports our omis-
ston of particles larger than 10 um from consideration in
the dust model as their radiative effect is negligible, al-
though their source strengths may be significant. While
about 60% of the modeled dust mass loading is caused
by particles in the size range of 0.6 to 1.8 um, about
60% of the optical thickness is caused by particles in
the range of 0.3 to 1 pm.

The above approach in describing size distributions
has the advantage of enabling dynamic modeling of
changes in particle size distribution due to gravitational
settling. Figure 5 shows the modeled annual mean op-
tical thickness at 0.55 um for the combined eight par-
ticle size fractions of the desert dust aerosol integrated
over all vertical layers. The results are in good agree-
ment with the advanced very high resolution radiome-
ter (AVHRR) observed optical thickness retrievals [Rao
et al, 1988]. The maximum calculated optical thick-
ness is 0.5 over Saudi Arabia in July, the global annual
mean desert dust optical thickness is 0.03.

5. Radiative Effect of Dust

Figure 6 shows the net change in radiative flux at the
tropopause caused by dust aerosol of optical thickness

Table 1. Model Results

2

T
Percent

T)
10-3

Qezt(0.55)

Mass Loading,
Percent

mgm™?

Mass Loading,

Source Strength,
Mtyr—?!

Lifetime,
pm hours

Effective Radius,

Size Range,
um

231
229
225
219

0.6
5.1
9.8

111

1.536
2.816

0.2

0.15
0.25
0.4
0.8
1.5
2.5

0.1-0.18
0.18-0.3

15
29
33
15

1.5
4.2

18
52

3.086
2.583
2.345
2.240
2.174
2.110

12

0.3-0.6
0.6-1

31

11.5

150
250
250
250
250

5.3
1.2
0.3

32

11.9

179
126

1-1.8

1.8-3

13

4.6

0.8

1.8
0.9

67

28

3-6

0.2

0.06

6-10

Table shows resuls for global mean atmospheric lifetime, annual source strenghts, global annual mean column mass loading, extinction
factor Q..: at a wavelength of 0.55 um, and global annual mean optical thickness 7 at a wavelength of 0.55 um for the eight size classes

of mineral aerosol between 0.1 and 10 pm. Column mass loading and optical thickness values for the individual size classes are given in

absolute numbers and in percent of the sum over all size classes.
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Figure 2. Globally integrated radiative properties for desert dust aerosol for eight particle sizes
(effective radii, r. given in micrometers) in dependence on wavelength (in micrometers).
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Figure 4. Change of modeled dust size distribution
with height.
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Figure 5. Modeled annual mean dust optical thickness.

temperature. The size and height dependence of the
radiative forcing by dust aerosols is shown for a ho-
mogeneously mixed dust layer at a height of 0-1km,
0-3km, and 3-6km, respectively. Particles that are

10 T T T T T T T

Net Flux Change at Tropopause

smaller than a critical radius (indicated by the dashed
vertical lines) produce a negative flux change, and thus
cause cooling, because for these sizes the reduction in in-
cident solar radiation exceeds the absorption of thermal
radiation (greenhouse effect). Particle sizes larger than
the critical radius lead to a positive forcing due to their
higher absorption of solar radiation and larger green-
house effect. The magnitude of the greenhouse forcing
depends on the height distribution of the dust, with the
critical radius ranging from 1 pum for a dust layer at a
height of 3—6km to 4.7 pm for dust restricted to a layer
from 0 to 1 km. This is because the greenhouse effect is
smaller when the dust is located closer to the surface.
For a dust layer at a height of 0-3km (which might
be the most representative case), the critical particle
radius that determines whether the radiative forcing is
positive or negative is about 1.8 um.

These results underscore the need for accurate mod-
eling of horizontal and vertical dust distributions and
particle size distributions in order to calculate the ra-
diative and climate effects of desert dust, since even the
sign of the response depends on the effective particle
size and the height distribution of the aerosol.

For a preliminary assessment of the climate impact

-5 . EE— ' of the spatial and temporal variability of the radiative

0 1 2 Re ff 3 5 forcing by desert dust, we used the radiative code of

e the 8° x 10° GISS GCM [Tegen and Lacis, 1994]. For

Figure 6. Net change in radiative flux at the these first experiments only one “clay” and one “silt”

tropopause (watts per square meter) for dust optical
thickness = 0.1 as a function of effective radius (mi-
crometer) for different height distributions.

class were considered, with the calculations performed
for effective particle sizes of about 0.5 and 2 ym, respec-
tively.
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To obtain a measure of the instantaneous radiative
forcing by the dust, the model was run with prescribed
sea surface temperature but without allowing the ef-
fects of aerosol heating to influence the cloud cover
and model winds. The results for a 1-year run were
then differenced against unforced control run results.
On the basis of these calculations, the desert dust was
found to cause a global albedo decrease due to the in-
creased absorption at solar wavelengths. The effect is
largest in areas with a high dust loading; particularly,
the Sahara, the Arabian Peninsula, the Central Asian
deserts, northern China and Australia. The calculated
regional maximum changes in net radiative flux at the
top of the atmosphere are about +15Wm™? at solar
and +5Wm~? at thermal wavelengths in the annual
mean.

A more complete evaluation of the dust effects on cli-
mate requires running the GCM with interactive feed-
backs allowing for changes in cloud cover and atmo-
spheric dynamics. Initial results with the 8° x 10° GISS
GCM suggest that the additional atmospheric heating
tends to generate greater stability above dust loaded
regions.

6. Conclusions

To calculate the radiative effects and climate impact
of desert dust aerosols realistically, an accurate parame-
terization of dust particle size distribution is necessary,
since even the sign of the radiative effect depends on the
size of the aerosol. It is found that the essential charac-
teristics of the desert dust transport can be reproduced
using eight different particle size classes as individual
tracers, spanning the range between 0.1 and 10 gm ra-
dius. As the size classes are transported individually,
changes in the mass size distribution of each category
can be described by the model. Gravitational sedimen-
tation and rainout are the principal loss mechanisms.
Processes like coagulation or destruction of agglomer-
ates which also could cause a change in dust size dis-
tribution, were not considered since observational con-
straints on such processes are not available.

While the column mass load is mainly determined by
particles in the size range of 0.6 to 1.8 um, the optical
thicknesses are mainly determined by particles in the
size range between 0.3 and 1pm. The contribution of
particles larger than 10 um to the dust optical thickness
can be neglected.

So far, radiative transfer calculations with the GISS
GCM have been carried out using two particle size cate-
gories. In future experiments, the eight size classes that
are described above will be included in the radiation
calculations. It is expected that this new parameteriza-
tion will provide a more realistic representation of the
radiative effects of desert dust. The sensitivity of the
radiative effects on the aerosol size distribution will be
investigated.
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